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INTRODUCTION

In the field of protozoology one of the most important and spectacular dis-

coveries of recent times is the' mating reaction leading to conjugation in Para-

mecium by Sonneborn (1937). If a single specimen of Paramecinm is isolated

and allowed to multiply so that eventually a great number of individuals are pro-
duced by vegetative fission alone, the group so derived from the one member is

called a clone. Members of such a clone do not mate with each other because they
are of one sex type but when one clone is mixed with another clone of the op-

posite sex type, the mating reaction will occur. In the mixture of the two sex

types, the paramecia almost immediately agglutinate or clump together and sub-

sequently conjugate. Upon mixing, a few are first seen to stick together then the

clumps become larger and larger until 10-15 minutes later immense clumps of a

hundred or so individuals are formed. These large masses then become smaller

and smaller until later only small groups of individuals and joined pairs remain.

Finally only individual pairs of conjugants (and single ones that were unable to

find mates) are left.

Sonneborn discovered and described the mating reaction in Porainechun

aurclia and Jennings (1938, 1939) described it in Paramecium bitrsaria. One is

referred to their original papers for the detailed steps of the phenomenon. Addi-

tional information bearing upon the mating reaction and conjugation in P. bnrsaria

is given by Wichterman (1944, 1946, 1948).
In an examination of the literature dealing with the biological eflfects of ir-

radiation with x-rays upon Paramecium one is aware of the contradictory reports

given by certain of the investigators. Part of the difficulty is due to the fact that

earlier workers merely exposed the organisms to the action of x-rays and informa-

tion upon unit dosage is absent. Without this information, it is impossible to

make accurate comparisons of data. At the present time, with modern x-ray gen-

erators, it is possible to deliver rays of constant quality and intensity at a given
number of roentgen units (r) per unit of time.

The main purpose of the present work was to find the effects of roentgen rays

upon the mating reaction and conjugation of Paramecium bitrsaria. An abstract

of this paper has been published (Wichterman, 1947).

MATERIALS AND METHOD

In the experiments reported here, opposite mating types of Parainccinin bnr-

saria were used exclusively. P. bnrsaria is the so-called "green Paramecinm;"

* This work was aided by a grant from the Committee on Research and Publication of

Temple University.
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green because of the fact that living within the cytoplasm of the protozoon are

large numbers of extremely small unicellular green algae called zoochlorellae which
fill the body of Paramecium. There is thus shown a truly symbiotic existence in

the relationship of algae to protozoon.
From eight different clones growing in the laboratory, two of opposite mating

type were selected. These, called C and D, were received from the late Professor.

Jennings in 1940 and have been cultivated continuously. Organisms of opposite
sex type when mixed show a feeble mating reaction in the early morning usually
concomitant with the appearance of daylight. The reaction gradually increases in

intensity and appears to be strongest at noon. The intensity of the reaction gradu-

ally decreases after 1 :30 P.M., becoming feeble again at about 4 P.M. The mating
reaction leading to conjugation does not occur in the clones under investigation be-

tween 4:30 P.M. and 5 A.M. The paramecia are readily cultivated in autoclaved

lettuce infusion and grown in glass-covered flasks exposed to light coming from the

north. Attempts were made during experimentation to reduce the entrance of

bacteria to a minimum but relatively small numbers of bacteria of undetermined

species were present which did not interfere with the mating reaction or conjuga-
tion. Whenparamecia are mixed at the proper time, the mating reaction and conju-

gation have never failed to occur in the seven years the cultures have been under

observation.

Paramecia to be irradiated were selected from rich cultures which when tested

gave the mating reaction. Concentrated paramecia were then placed in small

celluloid boats measuring 4 X 2*4 cm. and containing six cubic centimeters of

their original clear culture fluid, then irradiated. Controls were used in every ex-

periment. Paramecia for experimentation and controls were concentrated by

simply removing them with a pipette from the upper surface of the cultures where,
in daylight, they are found to congregate in great numbers.

The x-ray generator at the Marine Biological Laboratory is one of the most

powerful in use for biological experimentation. It operates simultaneously two

Coolidge tubes with a current through each of 20 to 30 milliamperes and an alter-

nating voltage of 150 to 200 kilovolts peak. One tube is mounted rigidly near

the floor and the other tube is supported on a counter-balanced arm which allows

it to be moved vertically and in line directly over the fixed tube. The celluloid

boats containing the paramecia to be irradiated were placed between the two tubes

and were thus "cross-fired" by the two x-ray beams. Since the tubes can be

brought very close together, the intensity of radiation upon the paramecia is ex-

tremely high, producing 6100 roentgens per minute. Furthermore, the distribu-

tion of radiation is more uniform than would be posible with a single tube. The

two Coolidge tubes are water-cooled and since an electric fan was directed on the

irradiated material, the slight rise in temperature was negligible during irradiation.

Temperature was taken with a small thermometer whose bulb was placed directly

in the boats of irradiated paramecia.

General effects of irradiation of Paramecium bursaria zuitJi x-rays

It has been known for a long time that paramecia are able to survive ex-

ceedingly high dosages of roentgen rays. Irradiation of P. bursaria with 100,000

r results in greater activity of the organism. They swim faster than the con-

trols, and unlike them do not settle on the bottom of the container.
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With dosages of 200,000 r and higher, there is a noticeable retarding of mo-

tility until at those dosages approaching 900,000. r the animals show little move-

ment although the cilia even at 1,000,000 r beat erratically. Even at dosages up
to 900,000 r the paramecia swim in their characteristic manner in the form of a

left spiral although in a wobbly fashion.

With dosages of 200,000 r and less, the effects of irradiation appear to be lost

within a day and all or nearly all of the individuals survive and reproduce. This

increase in numbers is seen when irradiated specimens are examined periodically

each day for a week or more.

When irradiated with 300,000 r the paramecia at first move less actively than

the controls but after a day swim actively. At this and lower dosages, the para-
mecia are capable of trichocyst extrusion when irritated.

An important effect of irradiation with 300,000 r and above is the destruction

and loss of the zoochlorellae. Two or three days after irradiation, the paramecia

appear paler than before exposure to x-rays and eventually become colorless. Is

the colorless condition due to the fact that the paramecia multiply while the zoochlo-

rellae multiply more slowly? This is hardly the case since roentgen rays inhibit

division of the ciliate for a number of days after irradiation. Practically all of the

contained zoochlorellae appear to be destroyed as a result of irradiation but some

may persist in a blanched or colorless state. The last green zoochlorellae to dis-

appear from irradiated specimens are the few that are lodged tightly against the

cortex and close to the trichocyst layer.

Single isolations were made from pure-line mass cultures of colorless P. bur-

saria which were bright green with many zoochlorellae before irradiation. These

experimentally produced, colorless specimens have multiplied, resulting in pure-

line mass cultures which have the same sex type as before irradiation and which

readily mate and conjugate with specimens of the opposite sex type. They are

being maintained in permanent culture, are still colorless and are being cultivated

in flasks exposed to light in the same manner as the green races.

It is thus possible to obtain races of colorless P. bursaria which should prove

to be useful in a number of experiments dealing with nutrition and symbiosis,

serology, the mating reaction and conjugation. Such x-ray induced colorless

forms are capable of living apparently indefinitely even though they change their

type of nutrition from a purely holophytic or symbiotic one to a holozoic type in

which they must now be dependent upon bacteria in the medium as food. Since

it is evident that bacteria are killed in heavily irradiated cultures even though the

protozoa are not (Brown, Luck, Sheets and Taylor, 1933), the author inoculated

such irradiated cultures of colorless P. bursaria with bacteria known to support

growth in other colorless races grown in the laboratory. In this manner the para-

mecia were prevented from starving. Such colorless clones are capable of demon-

strating the mating reaction and conjugation with normal green ones of the oppo-

site sex type.

From "400,000 r to 1,000,000 r, irradiation is seen to result in a decrease in num-

bers of paramecia. With irradiation of 400,000 r, 500,000 r and 600,000 r, it is

possible to obtain survivors and begin new clones all of which are colorless and

which later readily mate and conjugate.

Optically active crystals are not found in normal green P. bursaria but they are

present in other species of Pamiiicciuin. In x-ray induced colorless P. bursaria
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crystals soon appear in fairly large numbers and the result is similar to that re-

ported by the author (Wichterman, 1941) in which specimens of P. bursaria

were placed in total darkness for long periods of time. Such specimens when

placed in darkness lost most but not all of their zoochlorellae, and optically active

crystals appeared. However, when placed back again in light, the zoochlorellae

soon increased in number and the crystals completely disappeared. With P. bur-

saria irradiated from 300,000 r to 600,000 r, the green zoochlorellae disappeared
while the crystals became permanent structures even when kept in light.

When irradiated at these higher dosages, the survivors at first show great vari-

ation in size from the normal showing dwarfs measuring 64
//.

in length and 24 p.

in width to giant forms measuring 120
/j.

in length and 50 p.
in width. Survivors

of these higher dosages swim forward in a left spiral but in a slow, wobbly man-
ner and appear to be fragile and easily broken. Cyclosis which is more rapid in

P. bursaria than any other species is barely detectable in the survivors when ex-

amined immediately after being irradiated with 600,000 r. At this dosage small,

clear, structureless vesicles form upon the pellicle which grow to a size of 8 p., then

leave the body. A similar phenomenon was noted by Crowther (1926) in ir-

radiated Colpidium colpoda, a ciliate closely related to Paramcciuw.

Irradiation with x-rays markedly increases the viscosity of the protoplasm ;

higher dosages lead to irreversible coagulation. Survivors that had been irradi-

ated with 600,000 r are colorless individuals which later show the normally rapid

cyclosis so characteristic of this species. Contractile vacuoles are seen with

great clarity and the ciliates possess numerous crystals such as are found in other

species of Paraincciiim. At the present time, colorless ones which were green and

had been irradiated with 300,000 r and 600,000 r are flourishing in permanent cul-

ture in the laboratory.

One can obtain survivors from clones irradiated with 600,000 r and produce
rich cultures but above this dosage there are no survivors. When irradiated at

dosages of 700,000 r, 800,000 r, 900,000 r, and 1,000,000 r the mortality is seen to

be exceedingly high soon after irradiation. None survive after the paramecia are

transferred to fresh, unirradiated lettuce infusion even when inoculated with bac-

teria. With 700,000 r, paramecia swim very slowly and die in about five hours.

With dosages of 800,000 r and 900,000 r the effect is similar with cytolysis oc-

curring in many. Most specimens die within an hour after irradiation. When ir-

radiated with 1,000,000 r and then examined immediately most, but not all, of the

animals are seen to be dead. Dead or dying specimens appear swollen or spindle-

shaped. The last sign of life that is observed is the movement of cilia which are

seen to beat in an erratic manner.

Effect upon mating reaction and conjugation when botJi sc.v types are irradiated

Individuals from highly reactive cultures of opposite sex type were irradiated

at one time at a given dosage. The dosages ranged from 100,000 r to 1,000:000 r

in steps of 100,000 r. The mating types were mixed immediately after irradiation

then observed under a low power binocular microscope. The results at given

dosages follow and are shown in Table I.
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TABLE I

Effect of roentgen rays upon locomotion, the mating reaction and conjugation of Paramecium bursaria

Dosage in

roentgens (r)
of two irradiated

mating types
of opposite sex

(C and D)
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clumps of a hundred or less individuals which ended in pairs undergoing conjuga-
tion. It was not until approximately six hours after irradiation that the para-
mecia settled characteristically on the bottom of the dish in their normal swim-

ming manner. Apparently the effect of irradiation at this dosage is lost in this

time, and all individuals survive. However on the following day there is a normal

mating reaction with the formation of large clumps which now culminates in con-

jugation. It is clear that irradiation at this dosage prevents conjugation on the

day of irradiation but does not stop a weak mating reaction from taking place.

b. Effect of 200,000 r

The effect at this dosage is very similar to that mentioned above except that

the paramecia before mixing are seen to move less actively than the controls while

those irradiated at 100,000 r were more active than the controls. When opposite
sex types were mixed, small groups of two to five paramecia formed which sepa-

rated into singles again four hours after irradiation. On the day following ir-

radiation the normal mating reaction occurred which was followed by conjugation.

c. Effect of 300,000 r

When mixed immediately after irradiation, small clusters of paramecia are

formed which separate into singles again. The mating reaction again occurs on

the day following irradiation but the individuals leave the clumps as before.

However on the second day following irradiation, the mating reaction occurs with

the formation of larger clumps which now results in conjugation.
In dosages up to 300,000 r no appreciable lethal effects were noted. At this

dosage and above, animals appeared blanched or pale green several days after ir-

radiation. Later they become colorless. Clones started from isolated colorless

individuals regularly demonstrate the typical mating reaction followed by conju-

gation when mated with normal green P. bnrsaria of the opposite sex type.

d. Effect of 400,000 r

Upon mixing after this dosage there is no immediate clumping but after about

45 minutes, groups form of eight or more individuals. A few small clumps per-

sist for about 10 hours after irradiation which subsequently break down into singles

again. This mild clumping reaction occurred daily for the next five days following

irradiation but did not result in conjugation during that time. Information is not

available beyond this time. At this dosage there is a noticeable decrease in the

population of paramecia in the cultures indicating a marked lethal effect. The
survivors show little activity while the controls are very vigorous.

e. Effect of 500,000 r

When mixed after irradiation, no clumping of the paramecia occurred; it was

not until the third day after irradiation that the mating reaction occurred in which

small clumps of two to five individuals were formed. This mild mating reaction

then occurred on all subsequent days but did not result in conjugation until a

week after irradiation when only a few pairs were present. More pairs formed
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daily until a maximal number was reached on the thirteenth day. This dosage
resulted in an appreciable decrease in numbers of paramecia and also induced great
variation in size of specimens.

/. Effect of 600,000 r

No immediate clumping reaction resulted upon mixing but the first appearance
of the reaction occurred three days after irradiation. Clumps then consisted of

five or less individuals which failed to result in conjugation. After the third day

following irradiation clumping occurred daily and did not result in conjugation
until on the seventh day when a few conjugants were found. The greatest number

appeared on the 12-14th day following irradiation.

Colorless individuals as a result of irradiation at this dosage and at 300,000 r

are being maintained in permanent culture.

g. Effects of 700,000 r to 1,000,000 r

No mating reaction occurred as a result of these dosages and the animals were

seen to move very slowly. Paramecia were unable to survive and all died ap-

proximately one to seven hours after irradiation.

Effect upon mating reaction and conjugation zi'iien only paramecia of one sex

type were irradiated and mixed with normal, iinirradiatcd paramecia of op-

posite sex type

When paramecia of one sex type are irradiated and mixed with normal, unir-

radiated paramecia of the opposite sex type, the mating reaction and conjugation
occur.

With 300,000 r and less, types C and D of irradiated paramecia produce large

clumps when mixed with unirradiated specimens of opposite sex type. These

characteristic clumps of the mating reaction are approximately as large as in

the controls but require more time to be formed. Similarly, with increased dos-

ages of roentgen units, the lag at which conjugation first appears is lengthened.

As an example, those irradiated with 300,000 r and mixed with normal specimens
of the opposite sex type form clumps of twenty to thirty paramecia in approxi-

mately 25 minutes which an hour later develop into clumps of 100 or more speci-

mens. Subsequently, these large clots then break down until 6 1
/o hours after

mating only singles are left. On the day following irradiation and mixing, clump-

ing recurs (which in one experiment yielded only one pair firmly joined in conju-

gation). On the second day clumping recurs which leads into the formation of a

number of conjugants but on the third day-following irradiation many conjugants

are produced after the mating reaction.

After irradiation of one sex type with 400,000 r to 700,000 r, the paramecia
enter into the mating reaction with normal, unirradiated specimens of opposite sex

type. The clumps however, are very slow in forming and they are much smaller

than in the controls. Thus it requires approximately one hour to form a clump
of a dozen or so paramecia when one type is irradiated with 400,000 r and there

is evidence to show a prolongment of the reaction as noted in the persistence of

small clumps to remain long after the animals are mixed. The lag in time in con-
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jugation after the mating reaction increases with the dosage of irradiation until at

700,000 r there is a mating reaction which does not lead into conjugation since

the irradiated specimens do not survive this dosage.

Result of mixing irradiation-killed paramecia of one sc.v type with living unir-

radiated paramecia of opposite sex type

The author (Wichterman, 1940 p. 437) observed and reported the instance of

a union resembling conjugating pairs of a living Paramecium can-datum with a dead

specimen and raised the question of nuclear behavior occurring in the living

member.

Boell and Woodruff (1941) reported a specific mating reaction between living

Paramecium calkinsi of one mating type and a single dead animal of opposite type
in their studies dealing with metabolism of mating types. Later Metz (1947) des-

cribed the induction of "pseudo selfing" and meiosis in Paramecium aurclia by
formalin killed animals of opposite mating type. He reported that after mixing,

clumps of living and dead paramecia broke down in 60-90 minutes releasing single

living animals and also pairs of "pseudo selfing" animals. Pairs joined only at

the anterior or "holdfast" region and remained united for approximately five hours.

"Pseudo selfing" and conjugation animals appeared to have about the same meiotic

time table.

Since it has been shown that dead paramecia of one sex type induce clumping
with living members of opposite sex type, experiments were undertaken to dis-

cover whether P. bitrsaria killed by irradiation would induce the clumping phe-
nomenon with living unirradiated paramecia of the opposite sex type.

Paramecia were killed with dosages of 700,0001,000,000 r, the speed of

mortality depending upon the dosage. It should be remembered that generally be-

fore the onset of death, cytolysis occurs in many. After irradiation with 900,000

and 1,000,000 r dead paramecia were mixed with living members of the opposite

type. There was no immediate clumping such as is found in the typical mating
reaction. However, a striking phenomenon occurred soon after mixing which at

first was strongly suggestive of the mating reaction. Large numbers of living

specimens of one sex type clumped around intact dead and disintegrating speci-

mens of the opposite sex type. This appears to be a simple food-reaction such as

is found when paramecia congregate around a cluster of bacteria since the phe-
nomenon can be demonstrated when living unirradiated specimens are mixed with

irradiation-killed paramecia of the same sex type. Soon after complete cytolysis

of dead paramecia, large protoplasmic islands or masses became evident which

strongly attracted the living specimens. This did not induce or result in the

conjugation of living specimens of the one sex type.

Effects of irradiated -culture fluid upon unirradiated P. bnrsaria

Brown, Luck, Sheets and Taylor (1933) studied the action of x-rays upon the

ciliate Euplotes taylori as well as the effect of irradiated culture fluid alone on the

ciliate. They reported that culture fluid when exposed to x-rays did not produce
toxic effects or induce death in Euplotes. On the other hand Piffault (1939) re-

ported that irradiation of culture fluid in which Paramecium aitrelia were swim-
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ming may produce secondary or toxic effects which should be taken into account
in this type of investigation.

Taylor, Thomas and Brown (1933) found that dosages of 46 X 10 4 r produced
death of Colpidium campy lum within 15 minutes following exposure. They re-

ported that x-radiation with 35 X 10 4 r of a sterile culture medium of 10 per cent

yeast extract, tap and distilled water rendered the medium highly toxic or lethal

to the ciliates. Their tests showed hydrogen peroxide in the irradiated water in

concentrations above 1 : 100,000. They found that de-oxygenated water follow-

ing the irradiation gave negative tests for H2 (X and was not toxic to colpidia.

Organic materials such as sheep's blood, agar, gelatin and bacteria, added to the tap
water before or after its x-radiation, protected the colpidia against its toxic action.

They believed that hydrogen peroxide was in large measure responsible for toxic

and lethal effects but suggest that other toxic agents may be produced.
To test the effects of irradiated culture fluid upon unirradiated specimens of

Paramecium bursaria, experiments were performed in which clear, original cul-

ture fluid with paramecia of one sex type (C) was irradiated with 1,000,000 r,

900,000 r, 800,000 r and 700,000 r. When one cc. of animal-free fluid from these

irradiated sets was mixed with three cc. of unirradiated culture fluid containing

paramecia of the same or opposite sex type (D) no toxic or lethal effects could be

distinguished. The same was true when mating type D irradiated fluid was added
to unirradiated animals of the same sex type or opposite sex type. In daily ob-

servations over a period of eight days, there was multiplication of the paramecia
with many fission stages evident.

These experiments also disclosed another interesting phenomenon. When
paramecia were irradiated at these high dosages and the irradiated animal-free

fluid of one sex type was introduced into cultures of unirradiated paramecia of the

opposite sex type, clumping of paramecia occurred. The clumps, consisting of a

dozen or less paramecia, resembled those characteristic of the mating reaction.

The clumps did not lead to selfing or conjugation but broke down into single
animals. The fluid lost its ability to induce clumping again when kept for a

day and tested. Since the same phenomenon occurred when irradiated, animal-

free fluid of one sex type was introduced into cultures of living unirradiated

specimens of the same sex type, the clumping is evidently not a mating reaction.

Although not dealing with irradiation studies, Chen (1945) reported that ani-

mal-free fluid from a Russian clone of P. bursaria induced clumping and con-

jugation among animals of another mating type even though the latter belonged
to a different variety. While the phenomena may be similar to those found in

certain algae and other Protozoa, this is probably an example of a "killer" action

and not a sex type action.

Effects of irradiation upon joined conjugants of P. bursaria

Experiments were performed in which celluloid boats containing 50 or 100

joined pairs of conjugants were irradiated with 300,000 r. Paramecia of opposite

mating types and highly reactive were mixed and allowed to form pairs in con-

jugation. After conjugants were firmly united, pairs were removed with a micro-

pipette and equal numbers then placed into two containers. One container of

conjugants represented the controls while the remaining container of conjugants
was irradiated 19-20 hours after mating with 300,000 r. Both control and ir-
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TABLE II

Length of time control and irradiated conjugants of P. bursaria

remained joined together in conjugation process*

Hours after

mixing
opposite
mating
types
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radiated conjugants used in an experiment always came from the same cultures,

each of course containing the opposite sex types. The temperature ranged be-

tween 24.5-27 C. and was the same for each container at any given time. Con-

jugants of P. bursaria remain joined together in the sexual process for approxi-

mately 24 hours at 25 C. (Wichterman, 1946, 1948).
A typical experiment consisting of 50 pairs of control conjugants and 50 pairs

of irradiated conjugants is shown in Table II. An examination of the table dis-

closes that all of the control conjugants separated into exconjugants 21 1
/o-24i/2

hours after mating It is at about this time however, that the first of the irradiated

conjugants begin to separate. It will be seen from the table that irradiated con-

jugants separated into exconjugants 2481 hours after mating.
Of the 50 irradiated conjugants, 19 died during the conjugation process. Ir-

radiated conjugants, like normal ones (as is the case with normal and irradiated

single specimens), spiral to the left. Irradiated conjugants, especially those joined
for approximately 60 hours and longer, become H-shaped. The paramecia sepa-

rate along their oral surfaces but are held together by a thick conspicuous proto-

plasmic bridge in the paroral region. This protoplasmic bridge seems comparable
to that described and figured by Sonneborn (1947, p. 286) in the conjugation of

P. aurelia.

DISCUSSION

In what appears to be an exploratory investigation Bardeen (1906-08) exposed

paramecia to x-rays and reported that after a 12 hour exposure, no apparent effect

was noted upon the ciliates. He is the first to have observed the effect of x-rays

upon conjugants and reported that there was no effect in joined pairs undergoing

conjugation or upon their offspring. It is likely that he worked with minimal

dosages but this information is lacking from his account.

Schneider (1926), Hance and Clark (1926) and Hance (1931) investigated

the effect of x-rays upon vegetative and dividing forms of Paramcciwn. Hance

and Clark found the division rate to suffer a slight initial depression lasting two

to five days following the exposure. However, the depression was followed by

complete recovery. This is in agreement with the author's findings in Paramecium

bursaria where irradiation was found to temporarily inhibit division. The

greater the dosage, the greater the delay in fission. If there is survival of para-

mecia after exposure to x-rays, the fission rate slowly increases until it is similar

to the controls. Indeed, in two of nine isolation cultures in one experiment with

P. bursaria irradiated with 300,000 r and observed daily for 20 days, the division

rate was greater than in any of the nine controls.

According to Hance and Clark, dividing specimens showed no different effects

than typical vegetative ones when irradiated. They reported that doses repeated

at various intervals generally failed to interfere more markedly with the division

rate than a single dose. Repeated irradiation caused the paramecia to become

slightly swollen without apparent interference with their vitality. According to

these investigators, treatments lasting for 10 minutes to three to four hours de-

pressed division and longer or repeated exposures under some conditions raised

the reproductive rate.
1

1 According to Hance and Clark (1926) the x-rays were produced at 30 kilovolt peak and

22 milliamperes, filtered through very thin cardboard and applied at a target distance of 25.5

cm. Such rays produced about 6 X 10
12

pairs of ions per gm. per second in air.
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In this regard, Back (1939) irradiated Paramecium caudatum to %-% of

the lethal dose and found that division of the ciliates could be suspended for several

weeks. Accordingly, he considered this lack of division a type of injury inflicted

upon the organism.
With Colpidium colpoda, a ciliate closely related to Paramecium, Crowther

(1926) found that a considerable exposure to x-rays produced little visible alter-

ation either in the appearance or motion of the organisms. In an investigation

upon the same species, C. Lloyd Claff (personal communication) came to the same
conclusion.

Crowther observed that with a given sub-lethal exposure, the ciliates became

perceptibly accelerated with rapid and excited appearing behavior followed by a

zig-zag motion. When removed at this stage, the majority of ciliates survived.

Lethal effects were noted when the forward progression stopped, vacuoles became
distended and with the formation of a bubble of clear substance which was ex-

truded from the body, followed by death. It was found that the protoplasm of ir-

radiated Colpidium appeared less transparent and distinctly more granular than

in normal specimens.
With P. bursaria, somewhat similar effects were noted with sub-lethal dosages

of 100,000 r in that the paramecia became more active in their swimming be-

havior. Also similar blebs or vacuoles of a clear, structureless substance were

formed upon the pellicle of P. bursaria after longer irradiation and active cyclosis
was considerably decreased or even stopped.

In an inconclusive paper Baldwin (1920) reported the combined action of

x-rays and of vital stains upon paramecia but more recently Halberstaedter and
Back (1943) observed the effect of the combined action of colchicine and x-rays
and colchicine alone upon Paramecium caudatum. The concentrations of crystal-

line colchicine in the basic culture media were 0.0005 per cent, 0.00025 per cent and
0.000125 per cent with the x-ray intensity at the distance of the irradiated

object being 80,000 r./m. In colchicine combined with x-rays, the paramecia
were maintained for 48 hours in the colchicine solution then transferred to normal

culture media for irradiation. They showed that the lethal dose for normal para-
mecia fluctuated between 200,000 and 700,000 r, the half-value doses lying be-

tween 300,000 and 250,000 r. Their experiments demonstrated that the im-

mediate lethal dose is considerably smaller about 50 per cent for paramecia
which received treatment earlier with colchicine.

Brown, Luck, Sheets, and Taylor (1933) studied the action of x-rays upon
another ciliate, Euplotes taylori, in culture fluid and on culture fluid alone. They
found that culture fluid exposed to x-rays did not induce death or produce toxic

effects on Euplotes. The minimal lethal dose to kill the protozoon was found to

be 2110 roentgen units per second but much less exposure was sufficient to kill the

associated bacteria in the culture fluid. Irradiated bacteria were found to be un-

satisfactory as a source of food for Euplotes. This difference in resistance to

x-ray exposure made it easily possible to sterilize this ciliate. Their important
observation adds another method for the sterilization of protozoa and it is very

likely that many other species can be sterilized in the same manner.

They found that when Euplotes was irradiated for 100-220 seconds there oc-

curred a complete cessation of ciliary activity in many of the organisms, the per-
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centage so affected increasing with the length of exposure. Hours after irradia-

tion such organisms which were seemingly dead regained ciliary movement later.

Later Back and Halberstaeder (1945) made a compreshensive study of the

effect of x-rays upon P. caudatinn and its culture fluid. They found that doses of

100,000 r were without visihle effects. This is in agreement with the author's

findings with P. bursaria at this dosage and the paramecia completely recover al-

though they appear excited immediately after irradiation. However, with in-

creased irradiation of paramecia Back and Halberstaeder noted visible alteration of

the manner of movement. The change \vas noted when one-half of the immedi-

ate lethal dose was applied. Cilia failed to behave normally and the paramecia
swam irregularly backward and forward. With greater dosage, movement ceased

and cytolysis occurred. They reported that complete cessation of movement
served as an indication of the impending death of the organism and define the

immediate lethal dose for P. caudatinn as that dose which produced complete ces-

sation of motility within 10-15 minutes after irradiation. When 1,000,000 r

were applied to the culture media alone, no toxic or secondary effect was observed

when paramecia were placed in the irradiated fluid. This experiment was repeated

by the present author with P. bursaria who also found no toxic effect upon the

ciliates which is in sharp contrast to the reports of Piffault (1939). It occurs to

the author that Piffault may have first killed the bacteria in his irradiated para-
mecia cultures thereby depriving the ciliates of their source of food. In the ex-

periments reported in the present paper, bacteria known to support growth in

other colorless races, were added to the irradiated paramecia. Perhaps the sec-

ondary effect reported by Piffault is nothing more than starvation of the paramecia.
Back and Halberstaeder (1945) performed experiments to determine the dif-

ference in roentgen-ray susceptibility between immediate (family) and remote

(clone) descendents of a single individual. The family represents four to eight

descendents of a single organism. Applications of 200,000 r caused death in a

small percentage of the irradiated population. With increase in the dosage, this

percentage rises. At 600,000 r, almost all the irradiated specimens died. All

survivors of this treatment died after the dose was increased to 700,000 r. The

dose which produces a 50 per cent mortality rate lies between 350,000 r and

400,000 r.

They found that when paramecia were irradiated in the same drop, members

of a clone died at different roentgen-ray doses. However, under the same con-

ditions, members of a family always died at the same dose.

Concerning tolerance to irradiation of clones within a species, the present

work on Paramecium bursaria disclosed a difference in the mating types which

may only be racial. It was found that members of mating type C are more sus-

ceptible to x-rays than those of opposite mating type D.

It is noteworthy to point out that no one has attempted to make a cytological

study of the nuclei or nuclear behavior in irradiated paramecia. Such a study is

likely to yield interesting and valuable results.

SUMMARY

1. Individuals of opposite mating type of Paramecium bursaria were irradiated

with roentgen rays at dosages ranging from 100,000 r to 1,000.000 r in steps of

100,000 r.
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2. After 100,000 r, locomotion of the paramecia became markedly accelerated

but with higher dosages locomotion was retarded. None was able to survive

dosages of 700,000 r or more.

3. Clones of P. bursaria have been established in the laboratory from specimens
irradiated with 300,000 r-600,000 r. One result of such irradiation is the de-

struction of the contained green symbiotic zoochlorellae living with in the para-
mecia. A method is now available for the production of colorless clones of P.

bursaria.

4. Colorless P. bursaria as produced by irradiation have the same sex type as

before irradiation. Such specimens readily mate and conjugate with members of

the opposite sex type.

5. Members of one mating type are more susceptible to x-rays than those of

opposite mating type. This may in reality be only a racial, not a sexual difference.

6. Paramecia of opposite sex types will, when irradiated and mixed, enter into

the mating reaction. Clumps thus formed are smaller than in controls and the

time taken to form them is greater. The lag in time between conjugation and the

mating reaction is dependent upon the dosage.
7. Irradiated conjugants remain joined together in the sexual process much

longer than those of the controls.

8. Irradiation inhibits division but the effect is only temporary. After a pe-

riod of time (depending upon the dosage) survivors have a division rate similar

to control specimens.
9. Irradiated culture fluid has no toxic or lethal effect upon unirradiated speci-

mens of P. bursaria.

10. Irradiation-killed specimens of one sex type do not mate or conjugate with

living, unirradiated members of the opposite sex type nor does it result in selfing.

LITERATURE CITED

BACK, A., 1939. Sur tin type de lesions produites chez P. caudatum par les rayons x. Comp.
Rend. Soc. Biol, 131: 1103-1106.

BACK, A., AND L. HALBERSTAEDTER, 1945. Influence of biological factors on the form of

roentgen-ray survival curves. Experiments on P. caudatum. Aincr. Jour. Rocntgenol.
and Radium Thcrap., 54 : 290-295.

BALDWIN, W. M., 1920. A study of the combined action of x-rays and of vital stains upon
Paramecia. Biol. Bull, 39: 59-66.

BARDEEN, C. R., 1906-08. The action of the x-rays on Paramecia. Anat. Rec., 1 : 59-60.

BOELL, E. J., AND L. L. WOODRUFF,1941. Respiratory metabolism of mating types in Para-

mecium calkinsi. Jour. E.rp. Zool., 87 : 385-402.

BROWN, M. G., J. M. LUCK, G. SHEETS, AND C. V. TAYLOR, 1933. The action of x-rays on

Euplotes taylori and associated bacteria. -Jour. Gen. Physiol., 16 : 397-406.

CHEN, T. T., 1945. Induction of conjugation in Paramecium bursaria among animals of one

mating type by fluid from another mating type. Proc. Nat. Acad. Sci., 31 : 404-410.

CROWTHER,J. A., 1926. The action of x-rays on Colpidium colpoda. Proc. Royal Soc., Ser.

V, 100: 390-404.

HALBERSTAEDTER, L., AND A. BACK, 1943. Influence of colchicine alone and combined with

x-rays on Paramecium. Nature, 152 : 275-276.

HANCE, R. T., 1931. Certain x-ray effects upon Paramecium. Proc. West Virg. Acad. Sci.,

5: 56-57.

HANCE, R. T., AND H. CLARK, 1926. Studies on x-ray effects. XIV. The effect of x-rays on
the division rate of Paramecium. Jour. E.rp. Med., 43 : 61-70.

JENNINGS, H. S., 1938. Sex reaction types and their interrelations in Paramecium bursaria,

I and II. Proc. Nat. Acad. Sci., 24: 112-120.



EFFECTS OF X-RAYS ON PARAMECIUMBURSARIA 127

JENNINGS, H. S., 1939. Genetics of Paramecium bursaria. I. Mating types and groups, their

interrelations and distribution ; mating behavior and self sterility. Genetics, 24 : 202-

233.

METZ, C. B., 1947. Induction of "pseudo-selfing" and meiosis in Paramecium aurelia by for-

malin killed animals of opposite mating type. Jour. E.rp. Zool., 105: 115-140.

PIFFAULT, C., 1939. Action des rayons x sur 1'eau et ses consequences. Compt. rend. Soc. de

Biol, 130: 43-44.

SCHNEIDER, E., 1926. Die biologische Wirkung der Rontgenstrahlen auf einzellige Lebewesen

nach Untersuchungen an Paramecien. Strahlcnthcrapic, 22 : 92-106.

SONNEBORN,T. M., 1937. Sex, sex inheritance and sex determination in Paramecium aurelia.

Proc. Nat. Acad. Sci., 23 : 378-385.

SONNEBORN, T. M., 1947. Recent advances in the genetics of Paramecium and Euplotes.

Advances in Genetics, Academic Press, N. Y., 1 : 263-358.

TAYLOR, C. V., J. O. THOMAS, AND M. G. BROWN, 1933. Studies on Protozoa. IV. Lethal

effects of the x-radiation of a sterile culture medium for Colpidium campylum. Physiol.

Zool., 6 : 467-492.

WICHTERMAN, R., 1940. Cytogamy. A sexual process occurring in living joined pairs of

Paramecium caudatum and its relation to other sexual phenomena. Jour. Morf>h., 66:

423-451.

WICHTERMAN,R., 1941. Studies on zoochlorellae-free Paramecium bursaria. Biol. Bull, 81 :

304-305.

WICHTERMAN, R., 1944. Recent discoveries of nuclear processes and sexual phenomena in

Paramecium. Turtox Ncivs, 22: .105-110.

WICHTERMAN,R., 1946. Direct observation of the transfer of pronuclei in living conjugants

of Paramecium bursaria. Science, 104 : 505-506.

WICHTERMAN, R., 1947. Action of x-rays on mating types and conjugation of Paramecium

bursaria. Biol Bull., 93: 201.

WICHTERMAN,R., 1948. The time schedule of mating and nuclear events in the conjugation of

Paramecium bursaria. Turto.v Neivs, 26 : 2-10.


